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Abstract Al,O3—ZrO, coatings were deposited using a
vacuum arc deposition system equipped with two co-planar
cathodes. The plasma was injected into a cylindrical
magnetic duct through annular anode apertures toward a
substrate or an electrostatic ion current probe positioned on
the duct axis, in vacuum and in a low-pressure oxygen or
argon + oxygen background. Ion current and arc voltage
measurements and visual observation of the cathode spots
were used to find stable arcing conditions, using a straight
plasma duct configuration. The cathode spot operation and
transport of the plasma beam in the duct were studied as a
function of arc current (/. = 25-200 A) and oxygen or
oxygen + argon pressures (P = 0.1-1.5 Pa). Coatings
were fabricated by exposing Si or WC-Co substrates
simultaneously to Al and Zr plasmas using a 1/8 torus filter
configuration in O, + Ar pressures. The coating compo-
sition, structure, microhardness, adhesion, and wear
behavior were studied as functions of the deposition
parameters. Favorable conditions for stable arcing were
obtained with I, = 75 and 100 A for Al and Zr plasmas,
respectively. The ion current decreased, and the arc voltage
increased with the oxygen pressure. Behavior of the ion
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current and arc voltage suggested that cathode poisoning
started at P = 0.5 Pa. Deposition rates were 0.3-0.6 pm/
min, depending on the substrate position. All coatings were
“Zr rich”, i.e., the Zr:Al ratio was in the range of 1.2-5.6
depending on the substrate position and deposition condi-
tions. The coatings with higher ZrO, concentration were
harder and had better resistance to wear. The coating’s
hardness reached a maximum of ~22-24 GPa at a depo-
sition temperature of 500 °C or a negative bias voltage of
75-100 V.

Introduction

Ocxides, e.g., Al,Os3, are promising as wear-resistant coating
materials for protecting cutting tool edges during high
temperature operation, due to their superior high temper-
ature stability [1]. However, being ionic compounds, they
are generally more brittle than carbides and nitrides of
transitional metals and also less adherent to tool substrates
[2].

Al,O3 and ZrO, coatings, as well as Al,O3—ZrO, coat-
ings with different Al,03:ZrO, ratios were studied previ-
ously. Al,O5 is used in cutting tool applications as a bulk
material for cutting inserts, and in wear-resistant coatings
for cutting tools—as an intermediate or top layer in mul-
tilayer coatings [1, 3]. Al,O3—ZrO, coatings were depos-
ited by various techniques, such as electrochemical
deposition [4] and plasma spray [5—7] which were used for
thick coatings as well as physical vapor deposition (PVD)
[8—11], mainly used for thin coating deposition. Addition
of ZrO, to Al,O; improved mechanical properties in
structural bulk ceramics [12], and thick Al,O3-ZrO,
coatings deposited by plasma spray [6, 7] and electron
beam evaporation [8]. ZrO, is presently used mainly for
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optical and thermal barrier coatings [13]. Addition of
AlL,O5; to ZrO, stabilized ZrO, in its tetragonal phase
(t-ZrO,) [9]. Moreover, ZrO, and Al,O5; have almost no
mutual solubility [14], and thus may be deposited as a two-
phase nano-structure with greater hardness (H) than pre-
dicted by the mixture rule [15].

Most articles discussing PVD of Al,O3;—ZrO, coatings
focused on using Al,Oj; to stabilize the t-ZrO, phase [9, 16,
17]. For example, by controlling the Al,O3/ZrO, ratio in
nano-laminate coatings, t-ZrO, was deposited using reac-
tive d.c. magnetron sputtering at a low substrate tempera-
ture of Ty = 150 °C [9]. Klostermann et al. [10] deposited
Al-Zr-O coatings with various compositions at 75 = 500—
700 °C, using pulsed magnetron sputtering of Al and Zr
metal targets in argon 4 oxygen background gas. Their
coatings consisted of a mixture of a crystalline and amor-
phous (a) phases: y-Al,O3 with a-ZrO,, when the ZrO,
content was below 8 at%., or a mixture of t-ZrO, with
a-Al,O3, when the Al,O3 content was below 7.5 at%.
Amorphous or nano-crystalline minority phase in grain
boundaries was conjectured by Klostermann et al. because
they did not appear in the x-ray diffraction (XRD) spectra
[10]. Coatings with all other compositions were XRD
amorphous. The y-Al,0O3 coatings had H = 30 GPa, while
the amorphous coatings had H = 10-13 GPa. Klostermann
et al. [10] suggested that segregation to a nc-Al,03/a-ZrO,
structure (nc—nano-crystalline) is energy activated and
could be accomplished with high-energy ion flux. Trinh
et al. [11, 18, 19] deposited Al,03;—ZrO, coatings using
various modes of magnetron sputtering at a temperature
range of T, = 300-810 °C. Deposition of Al,03—ZrO, with
low ZrO, content resulted in amorphous coatings. However,
with higher ZrO, content, the structure changed to a nano-
structure of a-Al,03/c-ZrO, [18] (c—cubic phase) or
a-Al,03/t-ZrO, [19], depending on the deposition method.

Both Al,O5 [20, 21] and ZrO, [22] were deposited by
vacuum arc deposition (VAD). Brill et al. [20] and Rosen
et al. [21] reduced the crystallization temperature of Al,O3
by negatively biasing the substrate, and used the bias
voltage, V}, to control the energy of ions impinging onto
the substrate. By these means, the formation temperature of
a-Al,O5 was reduced from 800 to 600 °C by increasing V},
to —300 V [20], and y-Al,0O53 was deposited under V, =
—300 V and deposition temperature T as low as 200 °C
[21]. Recently, Kim et al. [23] deposited nano-multilayerd
structures of alternating Zr—O/Al-O layers using Zr and Al
cathodes in a VAD system. The Zr layers contained t-ZrO
nano-crystallites. Crystallites with «-Al,O5 structure were
observed only when the substrate was negatively biased in
the 100-150 V range. However, there are no published
reports of multicomponent Al,O3—ZrO, coatings fabricated
by simultaneously depositing of Al and Zr plasmas in
oxygen background using VAD.
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This article reports on the deposition of Al,03—ZrO,
coatings using a VAD system in which two cathodes were
mounted on one plane [24-26]. This system was used
previously for depositing multicomponent and multilayer
nitride coatings [26, 27], but not for oxides. The results are
divided into two parts. The first part reports on arc
behavior, i.e., ion current, arc voltage, and cathode spot
motion. This information was necessary to develop the
Al,O3-ZrO, deposition processes. The second part reports
on deposition and characterization of the Al,0;-ZrO,
coatings. The coating structure, hardness, adhesion, and
tribological behavior are presented and discussed.

Experimental setup and procedure

A triple-cathode VAD system was used with two variant
magnetic filter configurations: (1) a straight plasma duct,
described previously [24, 25] and (2) a 1/8 torus magnetic
duct for macroparticle filtering. The plasma gun (Fig. 1a)
was equipped with two cathodes, Al and Zr, which were
mounted in two of three holes which were equally spaced
along the circumference of a 100-mm diameter circle
centered on the system axis [26, 27]. In this study, both
cathodes had a frustum cone shape with front and back
base diameters of 49 and 54 mm, respectively, and a height
of 15 mm. The straight duct (Fig. 1b) mainly was used
for the arc behavior part of this study. Arc current, I, =
25-200 A d.c. was applied between the cathodes and the
grounded anode. Each cathode had its own welding power
supply and trigger mechanism. The cathode-spot-produced
plasma jet entered the deposition chamber via 54-mm
diameter holes in the anode, coaxial with each cathode. An
axial d.c. magnetic field, B = 12 mT, was produced by
three magnetic coils connected in the same direction, and
positioned co-axially with the system axis. The axial
magnetic field was intended to confine the cathode spot
motion on the front cathode face [27, 28] as well as to
guide the plasma flow from the cathode spots via the anode
aperture to the ion current probe. The front surfaces of the
cathodes were situated midway between coils 1 and 2.

For most of the coating deposition study, a 1/8 torus
magnetic macroparticle filter was inserted between the
plasma gun and the vacuum chamber (Fig. 1c). A d.c.
magnetic field of B = 12 mT was applied (by five coils) to
the straight and curved parts of the duct. An ion probe or
substrate holder was positioned at an axial distance of
150 mm from the end flange to which the plasma gun or
the 1/8 torus filter was connected, i.e., approximately
midway between coils 2 and 3 in Fig. 1b, and between
coils 4 and 5 in Fig. lc.

In both configurations, before arc ignition, the vacuum
chamber was pumped down to an initial residual pressure
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Fig. 1 Deposition systems. a Photograph of the plasma gun equipped
with two cone-shaped cathodes, b schematic diagram of the vacuum
arc deposition system with a straight duct, and ¢ 1/8 torus macro-
particle filter

lower than 0.01 Pa. The arcs were operated in vacuum
(background pressure less than 0.01 Pa) and in an oxygen
or oxygen + argon background pressure of P = 0.1-
1.3 Pa. After each experiment with oxygen, the cathode
was cleaned of oxides by igniting an arc in vacuum [29].
The arc parameters (arc current and voltage, ion current,
etc.) were continuously recorded [29, 30].

The total ion saturation current at the probe, I,, was
measured with a 130-mm diameter flat disk probe centered
on the duct axis and oriented normal to the plasma flux.
A negative d.c. bias voltage, V,, = —50 V was applied to
the probe with respect to the grounded anode to ensure I,
saturation, while minimizing the probability of igniting
cathode spots on the probe [28].

Al,O3-ZrO, coatings were deposited on silicon wafer and
WC-Co cutting insert substrates. The cutting insert surfaces
were polished to a mirror-like finish, and the substrates were

cleaned with alcohol before deposition. Prior to deposition,
the substrate was heated to the desired substrate temperature,
Ts, with a 1-kW halogen lamp placed within the substrate
holder [31]. T was measured using a thermocouple situated
beneath the coated sample and regulated using a feedback
control system [31]. During deposition, 7 sometimes
increased due to the surface bombardment by energetic ion
flux; however, this increase was not more than 20°. The
coatings were deposited while simultaneously operating the
Al and Zr cathodes with I,,. = 75 and 100 A, respectively,
inan Ar + O, mixture with total pressure P /0, = 1.06 Pa
(Par = 0.26 Pa, Py, = 0.80 Pa). In this research study, T,
was varied between 50 and 500 °C and V}, between —50 and
—200 V. The deposition time was 360 s. After deposition,
the coating thickness, #, was measured using an Alpha-step
profilometer. The coating’s electrical resistivity, p, was
measured by applying a silver paste on a controlled area of
the coatings surface. p was then measured by ohmmeter
between the silver paste and the Si substrate. The substrate
o was neglected.

The coating’s cross-sectional morphology was studied
using scanning electron microscopy (SEM). The coating’s
composition was analyzed using SEM combined with
energy dispersive x-ray spectroscopy (EDX). X-ray photo-
electron spectroscopy (XPS) using a 5600 Multi-Technique
System (PHI, USA) was applied to study the elemental
distribution and oxidation status of elements in the coatings.
The sample surfaces were analyzed, and then the interior
after 6-min sputtering with a 4 kV Ar" gun (5 x 5 raster
and 23.5 A/min sputter rate on SiO,/Si reference samples).
The crystalline structure was studied using XRD with CuK,
radiation (wavelength A = 0.1541 nm) using a Scintag 0:0
powder diffractometer, equipped with a liquid nitrogen
cooled Ge solid-state detector. The scanning range was
between 20 = 20 and 70°.

The coating’s hardness was measured using a microh-
ardness tester equipped with a Knoop indenter at a load of
0.1 N. Every microhardness (Hy) value was the average of
five measurements. The coating adhesion was assessed by a
scratch test (CSM-REVETEST) using a diamond indenter
whose radius of curvature was 0.2 mm. Each scratch was
5 mm long at constant load, after which the scratch track
was examined by optical microscopy. The scratch load was
increased until the first appearance of coatings failure
(defined as substrate exposure), determining a critical load,
L.. The tribological behavior was studied using a tribom-
eter (CSM) against a 3” WC ball in ambient air. The linear
sliding speed was 0.1 m/s. Two sets of tests were con-
ducted: (1) with a load of 1 N and a sliding distance of
300 m, and (2) a load of 5 N and a sliding distance of
100 m. After the wear test, the cross section of the wear
track was measured using a profilometer and was used to
calculate the wear coefficient, W = V/Ls where V is the
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removed volume, L is the load, and s is the sliding distance
[32].

Results
Arc behavior and ion current measurements

Influence of the arc current on cathode spot motion and ion
current

The saturated ion current, I,, was measured as a function of
I, using the straight duct configuration (Fig. 1b). For Zr
arcs, increasing I, from 50 to 100 A increased /, from 1.4
to 2.5 A. However, with further increases of Iy, I
decreased sharply, to 0.3 A at I,,. = 175 A. Visual obser-
vation of the cathode spot motion showed that initially
increasing I, increased the number of cathode spots on the
cathode front face. However, when I,. > 100 A, the
number of spots on the face decreased as they concentrated
on the peripheral conical surface. At I, > 150 A, no spots
were observed on the cathode front face. The same quali-
tative behavior was found for the Al cathode. The highest
I, = 1.9 A, and the most intense spot activity on Al cathode
front surface were observed at I, = 75 A.

Influence of oxygen pressure on the arc behavior

Figure 2 shows the influence of P on I, collected from Zr
and Al cathodes, in the straight duct configuration. The
open symbols represent an oxygen environment (Pp,) and
the solid symbols, a mixed Ar + O, environment (Pa;/0,)-
In vacuum, Al and Zr had an I, of 1.9 and 2.5 A, respec-
tively. Introduction of O, sharply decreased (Ip)Al to 0.9 A
at Po, = 0.2 Pa, and then it was maintained almost con-
stant up to Po, = 0.5 Pa. Further increase in Po, rapidly
decreased (Ip)Al to 0.1 A at Po, = 1 Pa. For Zr, a similar
trend was found, although (Ip)Zr decreased constantly, with
a lower decrease rate in the pressure range 0.2 < Pg, <
0.5 Pa. The experiments in oxygen environment were
characterized by unstable arc operation and a tendency for
the arc to spontaneously extinguish.

Addition of Ar to the environment increased [, consid-
erably, e.g., (Ip)Zr = 3.15 A in pure Ar at P, = 0.26 Pa
compared to (Il[,)Zr = 2.5 A at P = 0.01 Pa (vacuum). The
addition of P,, = 0.26 Pa improved the process stability,
especially for the Al cathode, as the number and amplitude
of the arc voltage fluctuations decreased. It resulted in an
increase of (Ip)Al at all Pa,0, and an increase of (Ip)Zr at
PAr/Oz < 0.8 Pa.

Investigation of the I, and arc voltage (V,.) depen-
dence on time for various Po, showed different behavior
for Po, <0.5Pa and Po, > 0.5 Pa. For Pp, < 0.5 Pa,
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Fig. 2 Ion current as a function of total pressure with (Ia,C)A] =
75 A, (Iwe)™ = 100 A. Open symbols O, environment, full symbols
Ar/O, (P, = 0.26 Pa) environment

I, decreased with time, while V,. was constant. For
Po, > 0.5 Pa, I, decreased with time, while V. increased.
This behavior was similar for both Al and Zr cathodes
(although more pronounced for Al) and indicated that
oxidation of the cathodes started at Po, = 0.5 Pa.

Deposition and characterization of Al,O3—ZrO,
coatings

Based on the results described above, the deposition con-
ditions were set t0 (L) = 75 A, (I;o)® = 100 A, and
Parjo, = 1.06 Pa (P, = 0.26 Pa, Po, = 0.80 Pa). Depo-
sition of Al,O3—ZrO, coatings using the straight duct
(Fig. 1b), resulted in a deposition rate of 0.5-1.0 pwm/min;
however, with a large number of macroparticles, a few
were as big as 50 pm (Fig. 3a). In order to screen out the
macroparticles, the 1/8 torus magnetic filter was added
between the arc plasma gun and the straight duct (Fig. 1c).

Fig. 3 Optical micrographs of the coating surfaces deposited using a
straight duct system (a) and the 1/8 torus magnetic filter (b). Both
coatings were deposited at V, = —50 V and without substrate
heating. The substrates were located 150 mm from the anode, and
the deposition time was 360 s
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The filter reduced the macro-particle number considerably
(Fig. 3b), while reducing the deposition rate by only 50%.

In both configurations (with and without the 1/8 torus
filtered), two regions were identified on the substrate
holder: (1) the projection of Zr ion beam which was called
the Zr region, and (2) the projection of the Al ion beam
which was called the Al region. Si samples were positioned
at the centers of the two regions. Table 1 presents the
thicknesses and compositions of the coatings from these
two regions deposited using the filtered configuration
(Fig. 1c). The concentration presented as ZrO, and Al,O;
content was calculated from the atomic concentration
determined by EDX and XPS. It should be noted that
calculation of Zr:Al:O atomic ratio obtained from EDX
studies indicated that the coatings consist of a mixture of
approximately stoichiometric ZrO, and Al,O3, i.e., no
excess or deficiency of O was found. The coatings of both
regions were zirconia rich. The Zr region coating thickness
was 3—4 pm (deposition rate of ~0.6 um/min) and the Al
region coating thickness was 1.5-2.0 um (deposition rate
of ~0.3 um/min). The coatings in both regions were
electrically insulating and transparent—multiple interfer-
ence fringes were visible where the coating thickness was
not uniform. p of a typical coating (deposited at T =
250 °C, V,, = —50 V) was found to be p = 4 x 10’ Q m.

Figure 4 presents high-resolution XPS spectra of the
Zr3d (a, c¢) and Al2p (b, d) regions, before (a, b) and after
(c, d) 6 min of sputtering by Ar™, for coatings from the Zr
and Al regions deposited at 7, = 250 °C and V}, = —50 V.
The results were compared to reference samples of bulk
ZrO, and Al,O; [33]. The spectra before sputtering
(Fig. 4a, b) included peaks of fully oxidized Zr and Al, i.e.,
a ZrO,, doublet (Fig. 4a) and Al,Oj3 lines (Fig. 4b) were
similar to the XPS spectra of reference bulk ZrO, and
Al,O5 [33]. Free metal peaks were not observed. However,
after sputtering, the XPS spectra were different from those
at the surface; specifically some free metal was observed.
The Zr3d spectrum (Fig. 4c), together with a doublet peak
related to ZrO,, had a shoulder on the lower binding energy
side of the Zr—O oxide, and lower intensity peak at a
binding energy of ~ 178 eV. This indicates the presence of
free Zr [33, 34]. Similarly, in the Al2p spectrum (Fig. 4d)
along with the oxidized Al peak, a peak at 71.5 eV
appeared. This may be attributed to free Al [33, 34].

Table 1 Composition of ZrO, and Al,O; calculated from EDX and
XPS, and thickness of the coatings from Zr and Al region after
deposition

ZrO, content Al,O3 content Thickness
(% mol.) (%mol.) (pm)

Zr region 70-88 12-30 34

Al region 50-75 25-50 1.5-2

However, the presence or the absence of free metal atoms
within the coatings cannot be concluded from the appear-
ance of free metal peaks in the XPS spectra after sputter-
ing, as these peaks might be attributed to preferential
sputtering of oxygen, which was described previously for
ZrO, [34] and recently presumed for Al,O3 coatings [33].
XPS analysis of other coatings deposited with higher V,,
(up to —200 V) did not reveal any chemical composition
dependence on Vi,

The concentrations of ZrO, and Al,O5; were determined
from the XPS spectra before sputtering. Taking into
account that along with the above oxides, fully oxidized
carbon is also present on the surface, the oxygen bound
with carbon was excluded from calculation, assuming full
C oxidation and CO, formation on the surface. Similar to
EDX, XPS indicated that in both the Zr and the Al regions,
the concentration of Zr was larger than that of Al. Calcu-
lations based on the XPS data showed that the Zr region
coatings contained 70-88% ZrO, while the Al region
coatings contained 50-75% ZrO, (Table 1).

Figure 5 shows the XRD spectrum of Zr region coatings
at different 7, (Fig. 5a) and V,, (Fig. 5b). In general, the
XRD spectra of ZrO, and Al,O; are difficult to interpret,
due to their large number of crystalline phases. Moreover,
the sharp peaks at 20 = 29.5°, 33.0°, 61.7°, and 65.8°, that
could be related to m-ZrO, (m-monoclinic) or y-Al,03,
originated from the Si substrate. Thus, the spectra in
Fig. 5a (V, = —50 V) indicate that the coatings were XRD
amorphous, and the increase of 7 to 500 °C did not form
crystalline oxides. However, with the increase in V;
(T; = 250 °C), a wide peak appeared at 26 = 48°, which
is, most likely, due to the formation of the m-ZrO, crys-
talline phase (Fig. 5b). Coatings deposited in the Al region
had XRD patterns similar to the ones in Fig. 5a for all T
and V,, tested, and most likely, had an XRD-amorphous
structure.

Figure 6 shows the Knoop hardness (Hgx) of Al,O;—
ZrO, coatings deposited on Si substrates as a function of 7§
(Fig. 6a) and V,, (Fig. 6b). At T, = 50 °C, Hk in both the
Al and Zr regions of the coatings was close to Hk of the Si
substrate. The Hy of the Zr region coatings increased with
T, and reached Hg = 22 GPa at T, = 500 °C. The hard-
ness of the Al region coatings increased only slightly with
T,. With increasing V;, the hardness of the Zr region
coatings increased to a maximum of Hx = 22-24 GPa at
Vo = =75 to —100 V, and then strongly decreased to
16 GPa at V;, = —150 V. The Al region coatings showed
the same trend as the Zr region coatings; however, with
only a small maximum, Hg = 14 GPa at V, = —100 V,
compared to Hg = 12 GPa at V, = —50 V.

Table 2 presents the critical load L. and wear behavior
of coatings deposited on WC—Co substrates. The coating’s
thickness was similar to those measured on Si wafers,
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i.e.,t = 3-4 um at the Zr region and t = 1.5-2.0 pm at the
Al region. Zr region, coatings deposited with Ty = 250 °C
and V, = —50 V had low L. = 15 N and endured sliding
300 m under a load of 1 N, but failed at 5 N after a few
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meters. Increasing 7, to 500 °C improved the coating
properties considerably. Zr region coatings did not show
adhesive failure at 100 N, which was the highest load
tested, and endured 300 m at a load of 1 N and 100 m with
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5 N, being the longest distances tested. Increasing V;, to
—100 V had only a minor effect on the coating properties.
L. of the Zr region coatings increased to 30 N, and the
coating started to show wear failure at a sliding distance of
300 m (load of 1 N).

Al region coatings showed similar results (Table 2). Al
region coatings deposited with Ty = 250 °C and V,, =
—50 V had low L, = 5 N and failed after a wear distance
of 30 m (under load of 1 N). The increase of T to 500 °C
improved L. to more than 100 N, and the sliding distance

Substrate Bias Voltage , V, [-V]

Fig. 6 Knoop hardness, Hk, of Zr and Al regions coatings as a
function of: a substrate temperature (V, = —50 V) and b negative
bias voltage (T; = 250 °C)

increased to 100 m (load of 1 N). Increasing V;, to —100 V
did not change L. (compared to coatings deposited with
Ts = 250 °C and V}, = —50 V), while the sliding distance
increased to 70 m (load of 1 N).

Table 2 The hardness,

. .. Substrate Substrate bias Scratch Distance to failure Wear coefficient
adhesion critical load, and wear . 3
. . temperature, voltage, adhesion, (m) [normal load (N)] (mm~/N m)
behavior of Al;03—ZrO, coating T. (°C) Vi (—V) L. (N)
deposited on WC—Co substrates S b N
Zr region 250 50 15 >300 (1) 1.9 x 107°
<5 (5)
500 50 >100 >300 (1) 28 x 1077
>100 (5)
250 100 30 ~300 (1) 57 x 1077
Al region 250 50 5 30 (1) -
Only coatings which endured a 500 50 >100 100 (1) 9.6 x 107°
full-length (300 m) wear test at 250 100 5 70 (1) _

1 N were tested under 5 N
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The wear rate W of the coatings was calculated based on
the full-length (300 m, 1 N) wear tests. Table 2 shows W
of the coatings which endured the full-length test. For Zr
region coatings deposited with V, = -50V and
T, = 250 °C, W was 1.9 x 10~ mm*/N m. W decreased
by a factor of 2 when the bias was increased to Vi, =
—100 V, and by one order of magnitude when the tem-
perature was increased to T, = 500 °C.

Discussion

In general, the cathode spot motion on the frustum cone
cathode and the dependence of I, at I, were similar to
those described previously [29, 35] even though the pre-
vious cathodes were centered on the duct axis, and thus
were in an axial-symmetric magnetic field, whereas the
cathodes were located off-axis. As noted in the previous
studies [29, 35], the number of cathode spots increased
with I, and they tended to move on the peripheral area
of the cathode, and I, tended to decrease with I, at
constant B.

Oxygen affected the arc in two ways: decreasing I, and
increasing V... These phenomena can be explained by two
mechanisms: (1) cathode and anode “poisoning” (i.e.,
formation of an insulating oxide layer) [29], which pre-
vented spot motion, resulting in unstable arc operation,
increased V.. and its fluctuation, and decreased cathode
spot produced plasma flux and thus, decreased I, [36], and
(2) ion scattering from the gas molecules which lowered 1,
[37]. At Po, < 0.5 Pa, I, decreased with Po, while V.
was constant, suggesting that only ion scattering was sig-
nificant. An oxide layer on the cathode and anode probably
formed only at P > 0.5 Pa, where V,. increased and I,
decreased. Addition of argon stabilized the arc as was
described previously [38]. In this study, introducing
Pa. = 0.26 Pa of Ar to the oxygen environment increased
(Ip)Al by 2-3 times compared to (Il[,)Al in O,, and increased
(Ip)Zr by 50% compared to (Ip)Zr in Po, < 0.5 Pa. These
results might be due to inhibiting of the cathode surface
poisoning associated with Ar addition, and thus more stable
arc operation and higher cathode erosion rate.

Deposition using the straight plasma-duct-produced
coatings heavily contaminated with macroparticles. Most
of the macroparticles originated from the Al cathode. Bolt
et al. [39] also reported almost 100% macro-particle cov-
erage when depositing Al,O5 coatings with a direct line of
sight between the cathode and the substrate. Using a 1/4
torus filter, they reduced the macroparticles coverage to 1%
[39]. In this study, most of the macroparticles (Fig. 3) were
screened using a 1/8 torus filter, while maintaining a
deposition rate of 0.3—0.6 um/min. This deposition rate in

@ Springer

this study was about 2-5 higher than reported previously
during filtered VAD of Al,O5 [21, 39] or ZrO, [22].

Among the many parameters influencing VAD, V; is
one of the most important ones controlling the coating
structure and properties. This was also shown paradoxi-
cally for dielectric substrate [40, 41] and in Figs. 5b and 6b
of present article. In order to estimate the potential on
coating surface taking into account the bias and the resis-
tance of the coating, p = 4 x 10’ Q m of a typical coating
(T, = 250 °C, V,, = —50 V) will be used. The typical ion
current during deposition was 1.5 A (Fig. 2 Py, o, curves),
and it fell on an area of ~4 x 107> m? Thus, the ion
current flux, Jp, reaching the coatings surface was
Jp = 375 A/m?. Neglecting any voltage drop in the sub-
strate and using equation V = J,pt (where t is coating
thickness), the voltage drop across a + = 3 um thick coat-
ing is 45 x 10* V, which makes the influence of V,
questionable. The coating thickness across which the
voltage drop is equal to V;, is between ~3 nm (for V;, =
—50 V) to ~13 nm (for V;, = —200 V). This implies that
d.c. biasing should only be effective for a short period of
time at the beginning of the deposition process, i.e., before
the film reaches a thickness of 3—13 nm. One possibility is
that the influence of bias on the coating structure at this
early stage influences the subsequent film growth. This
initial layer provides the nucleation sites of the coating and
thus may strongly influence the subsequent coating struc-
ture [42]. A further possibility is that the bias voltage
exceeds the dielectric strength of the thin film, and thus the
film is conductive for the bias voltages applied. Another
possibility is that the environment on the coating surface
during deposition is far from that during post-deposition
resistivity measurements at room temperature. The coat-
ing’s surface is excited during deposition by particle and
photon bombardment, as well as by elevated substrate
temperature, which might strongly reduce the coating
resistivity. Even if the bulk coating resistivity during
deposition is close to the values measured after deposition,
possibly surface conduction could provide a conductive
path to the peripheral area of the substrate where little or no
coating is deposited, and hence where the surface potential
is Vb'

Two regions, each a projection of an ion beam emitted
from a cathode, were identified on the substrate holder.
Although the plasma beam may be steered in the present
VAD system [26] (and uniform composition can be
achieved by sweeping the ion beams in an X-Y pattern), in
this study, we chose to study the coating composition by
placing substrates at the centers of both regions. Both the
Al and Zr regions coatings were ZrO, rich (Table 2).

The shape of Zr3d and Al2p peaks in XPS spectra before
sputtering and the fact that the coatings have high resis-
tance indicated that the coatings consist of only a mixture
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of the fully oxidized Zr and Al, i.e., ZrO, and Al,O3. In
contrast, in recently studied nano-multilayered coatings
[33], a large amount of free Zr and Al metals was found. It
is apparent in this study that the oxygen pressure was
sufficient for oxide formation, and the filtering using the
1/8 torus magnetic filter was effective enough to remove
macroparticles from the plasma flux and thus from the
coatings. The XPS results before sputtering (Fig. 4a, b),
which are in agreement with the EDX studies of coating
concentration, indicate on approximately stoichiometric
coatings. However, the exact quantification of stoichiom-
etry is not possible due to carbon contamination on the
surface as well as the preferential sputtering of oxygen in
XPS analysis.

The XRD indicated that oxide crystallites formed when
sufficiently high bias was applied during deposition
(Fig. 5). The crystallization is possibly associated with the
increased energy delivered by the impinging ions to the
coating surface. Increased adatom energy, whether due to
ion bombardment or higher substrate temperature, is
thought to be the key in obtaining crystalline oxides [10,
20, 21]. It should be noted that in this study, coatings in the
Zr region had an Al,O5 content which was never less than
12 mol%., i.e., larger than the maximum crystallization
concentration found by Klostermann et al. [10]. Thus, it is
likely that decreasing the Al,O3; concentration and
increasing T could facilitate ZrO, crystallization in the
coatings produced in our system.

Both increasing Ty and V, increased Hy in the Zr
region coatings (Fig. 6). This increase might originate
from structural re-organization during deposition.
Although the XRD did not indicate crystallization with
increasing T, the increase in Hy (Fig. 6a) might be the
result of the formation of crystallites sufficiently small so
that they are not detected by XRD (i.e., XRD-amorphous
films are produced) [43]. The Al region coatings showed
only minor Hg increase, possibly due to their lower
thickness, but probably due to the higher Al,O5; concen-
tration. Previous studies [10, 16] found crystallization of
ZrO, in coating with low Al,O3 concentration, lower than
that found in the Zr region in this study, while coat-
ings with higher Al,O; concentration were amorphous.
Klostermann et al. [10] low Al,O3 concentration coatings
were harder.

The initial L. and W results of coatings on WC sub-
strates (Table 2) emphasize the importance of Ty and V;
during deposition on the coating tribological properties.
The stronger influence of T on L. and W compared to V,,
might be attributed to higher intrinsic stress with high V;,.
Although one cannot compare between L. and W of the Zr
and Al regions coatings due to their different thickness, the
coatings composition has also a strong influence on the
crystallization and hardness of the coatings [10].

The results show the important influence of T, V}, and
Al,O3 concentration on the coating properties and the
potential of the Al,03-ZrO, coating family. Given this
influence, further investigations with higher T, lower
Al,Os3, and further combinations of 7, and V, are
recommended.

Conclusions

1. Favorable condition for deposition of Al,O5; and ZrO,
coatings were arc currents of 75 and 100 A, respec-
tively and in an Ar 4+ O, mixture with total pressure
Parjo, = 1.06 Pa (Ps, = 0.26 Pa, Po, = 0.80 Pa).

2. The 1/8 torus magnetic filter can remove most of the
macroparticles while maintaining relatively high depo-
sition rate of 0.3-0.6 um/min.

3. Zrregion coatings deposited with appropriate values of
Ts and V;, included crystallite oxides.

4. T, (and to some extent V}) strongly influenced the
coating adhesion and wear resistance.
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